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The increased industrialization and urbanization are causing the deterioration of 
air quality. The polluted air contains high concentrations of gases such as SO2 and NOx 
which form H2SO4 and HNO3 in the atmosphere. To some extent organic acids which 
exist in vapour phase also contribute to atmospheric acidity. These acids cause the 
atmospheric acidity and thus enhance the chances of acid rain. Emissions of sulphur 
and nitrogen oxides undergo dispersion, transport and chemical reactions in the 
atmosphere before they are deposited to earth surface by wet and dry removal 
processes. During wet deposition, soluble gases and particulate matter are dissolved 
into the clouds or by rainfall. In the absence of rain, the atmospheric pollutants get dry 
deposited depending upon the atmospheric and meteorological conditions. 
The present thesis entitled “CHEMISTRY OF ATMOSPHERIC DEPOSITIONS 
AND ESTIMATION OF FLUXES OF AIR POLLUTANTS IN SOUTH INDIA” has been 
divided into five chapters.  
Chapter 1 gives a brief introduction to air pollution and acid deposition.  
Chapter 2 describes the chemical composition of rain water at a rural site in an 
ecological sensitive area of Western Ghats (India).    
Chapter 3 reports chemical composition of rainwater at an urban site of Hyderabad, 
India.  
Chapter 4 describes the influences of crustal sources on rain water chemistry and need 
of direct measurements of bicarbonate in India.  
Chapter 5 provides details on atmospheric deposition of dustfall and chemical 
composition of „TSP‟ and PM2.5 aerosols during non-monsoon seasons in south India. 
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Chapter 1: Air pollution and acid deposition  
 Chapter 1 gives a brief introduction to air pollution sources, atmospheric 
deposition and acid rain formation.  
 Air pollutant sources can be categorized from several perspectives, including 
type of sources, their frequency of occurrence, spatial distribution and the types of 
emissions. Characterization by source type can be explained as arising from natural 
sources or from man-made sources. According to number and spatial distribution 
source characterization can be done as  
(i) Stationary sources (ii) Mobile sources (iii) Land fill sources.  
 Atmospheric deposition and acid rain occurs when pollutants are transferred from 
the air to earth„s surface. Pollutants can get from the air into the water through rain, 
snow, sleet, fog, cloud water and dew. Falling particles and absorption of the acidifying 
particles and gases form of the pollutants into the water. The main processes removing 
dust and water-soluble chemical species from the atmosphere are wet and dry 
deposition. Wet and dry depositions of chemical species to the earth„s surface play an 
essential role in controlling the concentration of gases and aerosols in the troposphere. 
The acidity of rain water comes from the natural presence of major three substances 
CO2, NOx and SO2 were found in the troposphere (the lowest layer of the atmosphere). 
Unpolluted rain which itself is mildly acidic due to the presence of CO2 dissolved in 
atmospheric moisture forming carbonic acid. The increased acidity of atmosphere can 
lead to the changes in the chemistry of soils, streams and lakes.  
 Acid deposition is very common in North America and Europe. Small areas of 
high acidity are also present in some Asian Countries. Large areas of the northern 
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hemisphere, including central Europe, Scandinavia, North East US and Canada are 
known to be affected by acid rain. Acid rain which was previously described as a 
European and North American problem is now spreading into the developing countries 
also. Recently, acidic precipitation has been reported in Asian Countries (China, India 
and Pakistan) resulting from rapid turnover of industrialization. 
The objectives of the present work have been stated as below. 
Objectives 
1. To determine the chemical composition of rain water, dustfall and aerosols at urban 
and rural sites in South India. 
2. To differentiate crustal and anthropogenic source contribution to SO4 and NO3. 
3. To identify the influence of various sources of pollution in the city using receptor 
modelling. 
4. To compare the chemical characteristics of SW and NE monsoonal rains. 
5. To study the seasonal variation in atmospheric depositions. 
6. To compare the nature of urban and rural atmospheric depositions in south India. 
7. To compare the results with chemistry transport model such as MATCH model. 
 The samples of bulk (rainwater) and dustfall depositions were collected using 
bottle and funnels on 24 hours basis. All the samples were transported to the lab where 
pH and conductance were measured immediately. The collected samples of bulk and 
dry depositions were analyzed for Na+, K+, Ca2+, Mg2+, NH4
2+, Cl-, NO3
- and SO4
2- using 
Ion Chromatography. 
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Chapter 2: Chemical composition of rainwater at a rural site in an ecological 
sensitive area of Western Ghats (India) 
 The rainwater samples were collected at Hudegadde in Uttara Kannada 
district of Karnataka state a rural site located at 14.36°N and 74.54°E in Western Ghats 
in south-west coast of India. A total of 123 samples were collected on event basis 
during south west monsoon (June to September) of 2006 and 2007. The collected 
samples were analyzed for anions and cation using Ion chromatography. This study 
revealed that the pH of rain water varied from 4.20 to 7.39 with a volume weighed mean 
pH of 5.65. This range is slightly lower than reported at most Indian continental sites. 
The equivalent concentration of various components followed the order 
Na+>Ca2+>Cl−>SO4
2−>Mg2+>HCO3
−>NH4
+>K+>NO3
−>F−>Br−>H+. High concentrations of 
Na+ and Cl− in rainwater suggested significant influence of marine sources at the site. At 
the same time, the site appeared to have higher influence of coal combustion based 
sources than petroleum or the biomass burning. Predominance of coal based sources 
might be the reason for higher concentrations of nss SO4
2− than the NO3
−. Airmass 
trajectory analysis also suggested significant influence of local and inter-continental 
anthropogenic and natural sources. Inter-continental sources located in African and Gulf 
regions significantly influence rain water chemistry at the site. Urban activities located in 
south-west of Indian continent (north of sampling site) and the sources in Gulf region 
were found to be responsible for acid rain occurrence at this site. In the north of site, 
urban sources can contribute high concentrations of nss SO4
2− and NO3
− leading to acid 
rain at this site. Airmasses from Gulf region gave rise to acid rain due to high ratios of 
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nssSO4
2−/nssCa2+. N.W.I.O. airmasses contributed the highest amount of nssSO4
2− and 
NO3
− due to urban activities.  
Table 2.1. Typical concentrations (μeq/L) of major ions as observed due to five different 
air masses reaching to the site 
 C.I.O. N.W.I.O. S.W.I.O. Gulf N.W.I.O.+ S.W.I.O. 
Cl- 12 40 64 0.3 0.3 
NO3
- 4 29 9 11 13 
nssSO4
2- 11 35 35 12 16 
Na+ 16 45 59 7 3 
NH4
+ 5 28 2 2 4 
K+ 5 3 9 16 2 
nssCa2+ 38 71 68 21 3 
C.I.O. - Central Indian Ocean; N.W.I.O. - North-West Indian Ocean; S.W.I.O. - South-West Indian Ocean; 
N.W.I.O. +S.W.I.C. - North-West Indian Ocean + South-West Indian Continent. 
 
 
 
 
Fig. 2.1. Percent frequancy of airmasses reaching at the site during monsoon (2006–07) 
from five different directions. C.I.O. = Central Indian Ocean; N.W.I.O. = North-West 
Indian Ocean; S.W.I.O. = South-West Indian Ocean; N.W.I.O. +S.W.I.C. = North-West 
Indian Ocean+South-West Indian Continent 
 
nss: Non Sea Salt 
N.W.I.O.: North West Indian Ocean 
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Chapter 3: Chemical composition of rainwater at an urban site of Hyderabad, 
India 
This study reports the chemical composition of rainwater at an urban site, 
Hyderabad. Hyderabad is the capital of Andhra Pradesh having an area of 625km2. It 
lies 17.22oN 78.26oE about 536m above Sea level. The rain water events were collected 
during south west monsoon (June to September) of 2005 to 2007 and measured the 
VWM pH values. The pH values range from 4.90-7.79 with mean pH of 6.11. The pH of 
the rain water is decreases from 2005 to 2007 due to the increase of acidic components 
year to year. It is to be noted that percentage of acidic rain event in 2005, 2006 and 
2007 were 0%, 3% and 6% respectively. This feature indicates that the concentration 
levels of anthropogenic pollutants are increasing in the city. This may be due to growing 
number of anthropogenic activities become of growing population, rapidly growing 
economy and increasing energy consumption.   
Chemical compositions of major ionic species in rainwater along with pH and EC 
(electrical conductivity) have been given in Table. Results indicated that pH of the rain 
water was higher precipitation volume was lower and during beginning of rain event due 
to interference of alkaline dust. The precipitation was observed to be alkaline, due to 
presence of CaCO3. The volume weighed mean concentration of anions and cations 
followed the order HCO3
->SO4
2->NO3
->Cl- and Ca2+>NH4
+> Na+>Mg2+>K+. As mentioned 
earlier, Ca2+ and HCO3
- might be due to contribution from soil dust. SO4
2-, NO3
- and 
NH4
+ are generally contributed by industrial, vehicular and other anthropogenic 
activities. 
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Table 3.1. Volume weighed mean (VWM) concentrations of ions (μeq/L) in rain water 
during 2005 to 2007. 
 
 
 
 
 
 
Fig 3.1. The pH of rain water during 2005 – 2007 monsoon seasons at an urban    site. 
  
 
             2005           2006          2007     3years avg 
pH      6.32 ±  0.36    6.21  ±   0.53    5.95  ±    0.59 6.11  ±    0.52 
EC    12.25 ± 11.84  25.53  ± 20.40  27.87  ±  26.46 21.81  ±  21.70 
Cl-     3.29  ±  3.02    7.12  ±   7.67   7.59   ±    9.97 6.20  ±    7.30 
NO3
-     5.64  ±  5.96  12.08  ±   8.92  12.62  ±  13.44 10.43  ±    9.93 
SO4
2-   16.03  ± 15.84 20.05   ± 15.86  21.47  ±  18.66 19.47  ±  16.93 
HCO3
-   20.31  ± 18.51 41.45   ± 41.37  17.48  ±  29.79 25.24  ±  31.95 
H+     0.48  ±   0.54   0.61   ±   1.16    1.12  ±    1.94 0.78  ±    1.28 
Na+     5.69  ±   4.90 10.74   ±   9.23 13.79   ±  14.98 10.54  ±  10.44 
NH4
+     7.61  ± 11.22 22.59   ± 21.62 52.12   ±  56.83 30.58  ±  36.77 
K+     0. 95 ±   0.88   4.38   ±   5.50   4.39   ±    8.02 3.38  ±    5.42 
Ca2+   14.22  ± 10.81 61.85   ± 46.02 49.17   ±  47.75 42.63  ±  40.85 
Mg2+     2.26  ±   1.81   7.96   ±   8.61   6.16   ±    5.78 5.54  ±    6.28 
VWM: Volume Weighed Mean 
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Chapter 4: Influences of crustal sources on rain water chemistry and need of 
direct measurements of bicarbonate in India 
 The rainwater samples were collected at two different sites from south India i.e. 
Hudegadde (Rural) and Hyderabad (Urban). Hudegadde is a rural site located at 
14.360N and 74.540E in Western Ghats in south-west coast of India Uttara Kannada 
district of Karnataka state. The site is located at 915m above sea level and is 145km 
away from the coast of Arabian Sea. It is located in reserve forest in mountain ranges 
having dense green surroundings. Another site IICT was selected as in Hyderabad city 
is lies in south-central India located at 17.5oN, 78.5oE about 536m above sea level in 
the Andhra Pradesh State of India. A total of 164 rain water samples were collected at 
Hudegadde during June 2006 to November 2007 while a total of 76 samples was 
collected at IICT, Hyderabad, during April 2007 to October, 2007.   
 In general, rain water studies reports calculated concentration of HCO3
- rather 
than measuring in the sample such practices underestimate. The present study 
attempts an estimation of HCO3
- concentrations which affect ion balance and QA/QC in 
analysis. Direct measurement of HCO3
- have been attempted to eliminate the error in 
ion balance. The results show a significant improvement of ionic balance by inclusion of 
HCO3
- concentration. In India nature of soil is alkaline. Using with HCO3
- the ionic 
abundance at Hudegadde, when calculated HCO3
-, cations contribution was estimated 
to be 60% and anionic contribution was estimated to be 40%, indicates anionic deficit. 
But when measured HCO3
- concentration were taken into account, cations 
concentration charged to 51% against 49% contribution of anions having acceptable 
difference between anions and cations.  
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The approach of measured HCO3
- seems to be useful to fill the gap of anions to 
improve the ion balance. Measured HCO3
- was observed to be higher than calculated 
HCO3
- at both the sites. Similarly, at IICT, using calculated HCO3
-, rainwater was found 
anions deficit (62% cations and 38% anions), with measured HCO3
- was used in ionic 
balance, though ion balance improved (59% cation and 41% anions) but not well as at 
Hudegadde. This indication that at IICT, still some of the unanalyzed anions might be 
responsible for the exists deficiency of 18%. In both the sites, measured HCO3
- 
concentrations have improved the data quality. The most abundant ions were Ca2+, 
NH4
+, HCO3
- and SO4
2- probably due to influence of anthropogenic and crust sources. 
However, during transport the aerosols over land, the air masses and clouds pick up 
dust and gases from natural and industrial factors. The carbonate equilibrium reaction 
plays a large role in determining soil buffering capacity. At an urban area increased 
concentration of cations may be due to the local influence of increased traffic which 
enhances the suspension of soil and anthropogenic particles into the air. The main 
source of this ion is the CaCO3 dust which is dominated within the top dry soil, as well 
as, the agricultural activities.  
Chapter 5: Atmospheric deposition of dust fall and chemical composition of ‘TSP’ 
and PM2.5 aerosols during non-monsoon season in south India 
 This chapter describes atmospheric deposition of dust fall chemistry at rural 
forest site (Hudegadde) during 2007-2008 and chemical components of TSP and PM2.5 
aerosols at Hyderabad during March to May, 2006 non monsoonal seasons in South 
India. The rural forest area is famous for the evergreen forest and shoal vegetation, 
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which are sensitive to acidification of natural waters. The study area is a part of the 
south west coast of India. 
pH of water soluble extract was measured during summer and winter seasons. 
On an average, pH of dustfall is acidic during winter season and alkaline during summer 
respectively. During winter season, the fluxes of Na+ were the higher followed by Cl-
>Ca2+>K+>NH4
+>SO4
->NO3
->Mg2+>Br->F-. Higher contribution of marine (Na+ and Cl-) 
components at present site due to its closeness to Arabian Sea. Coarse particles of Sea 
salt are deposited as dust fall. Higher concentration of Ca2+ may be due to suspended 
soil dust. During dry and windy conditions, part of the top soil is suspended in to the 
atmosphere. Relatively higher K+ flows may be attributed to biomass burning. Mostly 
high K+ flows were found abundant when air masses are transported from any region of 
forest fire. During summer also, Na+ fluxes was the highest followed by Cl->NO3
-
Ca2+>K+>SO4
2+>Mg2+>Br->F->NH4
+. The dustfall deposition fluxes depend upon the 
particle size and the density. Higher the mass mean diameter of particles, greater will 
be the dust fall/deposition flux. At this site summer average concentration of NO3
- was 
found to be more than winter. Increased NO3
- concentration during summer season may 
be attributed to the oxidation of precursor gases to nitrate.  
 Trajectory group analysis showed that Indian Continent air masses results in 
minimum pH of dust fall extract which may be due to minimum fluxing of Ca2+ during 
these wind directions. ASSC, AS and ASNC air masses seem more prevailing to 
contribute dust fall deposition fluxes of most of the ions. ASSC resulted in maximum sea 
salts flows compared to all other groups. Maximum fluxes of SO4
2- also contribution by 
ASSC. While the maximum fluxes of NO3
- are contributed by AS air masses.  
Synopsis 
11 
During March to May, 2006 samples of PM2.5 aerosols and Total Suspended 
Particulate (TSP) were collected at Hyderabad. In the PM2.5 aerosols were found to be 
dominated by SO4
2- followed by Ca2+>NO3
->Cl->Na+>NH4
+>Mg2+>K+>Br-. Fine mode 
dominance of SO4
2- suggested its formation via gas to particle conversion of SO2. The 
order of concentration of chemical components of TSP was NO3
->SO4
2->NH4
+>Ca2+>Cl-
>Na+>K+>Mg2+>Br-. This feature is somewhat different than PM2.5 aerosols because of 
different size range of particles of TSP. 
 
Table 5.1. Ionic concentrations by Air mass trajectories from different directions to 
sampling site (µeq/m2/day) 
Species Indian Continent     ASSC        AS     ASNC 
pH     5.81      7.74       7.59       7.28 
F-     3.45      4.53       4.51       2.73 
Cl- 109.19  485.49   448.46   365.62 
Br-   14.63    75.87     57.18     46.07 
NO3
-   63.13  269.12   391.42   225.18 
SO4
2-   61.92  227.64     18.94   187.04 
Na+ 327.89 2731.11 1590.18 1201.36 
NH4
+   22.99       0.00       0.00     15.21 
K+   55.65   338.36   240.27   183.23 
Ca2+   78.89   421.56   125.72   222.08 
Mg2+   31.53   267.56   143.84   118.88 
ASSC: Arabian Sea South Continent; AS:  Arabian Sea; ASNC: Arabian Sea North 
Continent. 
 
TSP: Total Suspended Particulate 
PM2.5: Particulate Matter of 2.5μm 
 
